We propose and demonstrate a fiber-optic cascaded-cavity Fabry-Perot interferometer (FPI) for simultaneous measurement of air pressure and temperature. The opencavity hybrid FPI consists of an air-cavity and a silica-cavity formed by a section of silica tube and photonic crystal fiber, respectively. The air-cavity and silica-cavity exhibit different sensitivities to air pressure and temperature. Thus, the proposed sensor can be used to implement air pressure and temperature sensing simultaneously. The spectra of the air-cavity and silica-cavity are extracted from the total reflection spectrum with designed bandpass filters. The air pressure and temperature sensitivities of the air-cavity are 4.04 pm/kPa and 0.87 pm/°C, respectively, and those of the silica-cavity are 3.36 pm/kPa and 14.36 pm/°C, respectively. Moreover, the temperature and air pressure cross-sensitivity can be reduced by using a sensitivity coefficients matrix of two cavities. With the advantages of compact size, easy fabrication, and all-fiber structure, the proposed sensor is a potential candidate for practical applications.
Introduction
Due to the advantages of compact size, light weight, corrosion resistance, immunity to electromagnetic interference, and remote sensing ability, fiber-optic sensors are widely used to detect a number of physical and chemical quantities, such as pressure [1] , temperature [2] , strain [3] , refractive index (RI) [4] and humidity [5] . However, there are usually multiple quantities that need to be measured in the same environment. Each measured quantity requires a sensor, which not only increases the complexity and cost, but also reduces the space utilization. In addition, during the measurement process, the accuracy of the measurement results of one quantity may be affected by other quantities, leading to large cross-sensitivity. For example, although optical reflective diaphragm-based fiber Fabry-Perot interferometer (FPI) pressure sensor exhibits high pressure sensitivity, it also suffers significant pressure-temperature cross-sensitivity resulting from the thermal expansion of the sealed air inside the closed FP cavity [6] - [8] . As for accurate measurement, the cross-sensitivity between multiple parameters must be reduced or compensated. Simultaneous measurement of multiple parameters is a common method for eliminating the cross-sensitivity, such as simultaneous measurement of pressure and temperature [9] - [11] , strain and directional bend [12] , humidity and temperature [13] , [14] , temperature and strain [15] . With the advantages of high sensitivity and miniaturization, fiber-optic sensor based on Fabry-Perot interferometer (FPI) for simultaneous measurement of pressure and temperature has attracted more attention in the fields of down-hole oil exploration [16] and structural heath monitoring of aircraft engines [17] .
An air-cavity FPI integrated with a fiber Bragg grating (FBG) was proposed to measure pressure and temperature simultaneously [18] - [20] . The RI change induced by the air pressure can be measured by monitoring the wavelength shift of the open-cavity FPI. The FBG is inscribed near the FPI as a thermometer to monitor the temperature change and compensate the temperature crosssensitivity. However, this method requires high cost fiber FBG writing system and increases the complexity of the fabrication process. Another method for simultaneous measurement of pressure and temperature is to use the cascaded-cavity FPI structure [16] , [17] , [21] - [23] . The cascadedcavity FPI usually consists of an air-cavity and silica-cavity, which exhibit different pressure and temperature sensitivities, making it possible to simultaneously measure pressure and temperature. However, the cascaded FPI based sensors usually need to be fabricated by laser micromachining [16] , [17] , wet chemical etching [21] , MEMS fabrication technique [22] , and unique UV molding process [23] , which increases the cost and difficulty of fabrication process. Therefore, a fiber sensor that is simple to fabricate and capable of simultaneously measuring air pressure and temperature and solving the cross-sensitivity problem is necessary.
In this work, we propose and demonstrate an open-cavity fiber sensor based on cascaded FPI for simultaneous measurement of air pressure and temperature without cross-sensitivity. The cascaded FPI consists of an air-cavity and a silica-cavity, which is formed by splicing a section of silica tube between the lead-in single mode fiber (SMF) and a short photonic crystal fiber (PCF). The air-cavity and silica-cavity show different sensitivities to air pressure and temperature due to their different structures. Specifically, the air-cavity is more sensitive to air pressure than silica-cavity, whereas the silica-cavity is more sensitive to temperature than air-cavity. With the band-pass filtering process in the frequency domain, the reflection spectrum of each cavity can be extracted from the total reflection spectrum. Thereby the proposed sensor can achieve simultaneous measurement of air pressure and temperature by tracing the retrieved reflection spectrum of each cavity, and eliminate the cross-sensitivity between air pressure and temperature. The fabrication process is simple and only requires a few steps of cleaving and fusion splicing. Such advantages of the proposed sensor make it good candidate for practical applications.
Sensor Fabrication and Operating Principle
The structural sketch of proposed sensor is shown in Fig. 1(a) . It consists of two cascaded FPIs formed by a section of silica tube and PCF, respectively. There exist three reflection mirrors in this sensor, namely M1, M2, and M3. The silica tube between M1 and M2 forms an air-cavity FPI with cavity length of L 1 . The silica tube has an outer diameter of 125 μm and inner diameter of 75 μm, and the cross section image is shown in Fig. 1(b) . The PCF between M2 and M3 forms a silica-cavity FPI with cavity length of L 2 . The PCF has a solid core and many air holes hexagonally arranged in the cladding area. The cross section image of the solid core PCF is shown in Fig. 1(c) . The diameter of the air holes running along the PCF cladding area is 2.58 μm, and the air hole spacing is 5.6 μm. The air holes in the PCF cladding area can be used as the gas tunnels to connect the air-cavity and the external environment. Therefore the air-cavity is sensitive to the RI change induced by the air pressure. The reflection mirrors M1 and M3 form a hybrid cavity.
The fabrication processes of the proposed sensor are as follows. First, a section of silica tube was spliced with a piece of well-cleaved SMF using the commercial fiber fusion splicer (Fujikura 80S). The arc discharge power and duration time were modified to prevent the deformation of the silica tube, as shown in Table 1 . Standard discharge intensity and 200 ms duration time were TABLE 1 Parameter Settings of the Splicer (Fujikura 80S) Under Different Splicing Conditions used in this step. Second, facilitated with a microscope and a translation stage, the silica tube was cleaved to a desired length by a fiber cleaver. To simplify the next fabrication process, the length of the silica tube is set greater than 100 μm. In this case, the next step can be completed by the automatic fusion mode of the fusion splicer, which reduces the fabrication difficulty. Third, a section of PCF (NKT LMA-8) was spliced with the cleaved silica tube using the automatic fusion mode. In this step, the discharge power and duration time were optimized to standard -30 bit and 200 ms to avoid the deformation of silica tube and the collapse of air holes along the PCF cladding, as shown in Table 1 . Eventually the PCF was cleaved to a suitable length to get the proposed FPI sensor. The fabrication is simple and only requires a few steps of cleaving and fusion splicing. It should be noted that, compared with the cascaded-cavity FPI based on Vernier effect [24] , there is no strict matching requirement between the cavity lengths of the air-cavity and silica-cavity, which reduces the difficulty of the fabrication of the proposed sensor. One fabricated sensor is shown in Fig. 1(d) with the air-cavity length of 177 μm and silica-cavity length of 170 μm.
As shown in Fig. 1 (a), due to the multi-reflective surface structure, the total reflection spectrum of the proposed sensor can be considered as the interference and superposition of three light beams, I 1 , I 2 , and I 3 , reflected by the reflective mirrors, M1, M2, and M3, respectively. The intensity of the interference spectrum can be expressed as [25] 
where
, and ϕ 13 = ϕ 12 + ϕ 23 are the phase shifts of the air-cavity, silica-cavity and the hybrid cavity, respectively; n 1 is the refractive index of the air-cavity, 1.0003; n 2 is the effective refractive index of the silica-cavity, and the simulated value of n 2 at 1550 nm using COMSOL is 1.4460 [26] ; L 1 and L 2 are respectively the cavity lengths of the air-cavity and silica-cavity; λ is the incident light wavelength. The reflection spectrum of the fabricated sensor is recorded by an optical spectrum analyzer (OSA), as shown in Fig. 2(a) . Compared with the single FPI with two reflective mirrors, the total reflection spectrum of the proposed cascaded FPI structure is more complicated, which is the superposition of reflection spectra from the air-cavity, silica-cavity, and hybrid cavity. The air-cavity and silica-cavity have different cavity lengths and configurations, thus the two cascaded FPIs shows different responses to air pressure and temperature variations. Therefore, simultaneous measurement of air pressure and temperature can be achieved by tracing simultaneously the reflection spectra of the air-cavity and silica-cavity. To separate the reflection spectrum of each FPI, optical frequency domain signal processing is adopted to retrieve the air-cavity and silica-cavity from the total reflection spectrum. The fast Fourier transform (FFT) of the total reflection spectrum shown in Fig. 2(a) is carried out and the corresponding spatial frequency distribution is shown in Fig. 2(b) . It shows that there are three main peaks, namely peak 1 (0.1479 nm −1 ), peak 2 (0.2031 nm −1 ), and peak 3 (0.3495 nm −1 ), respectively. The spatial frequency values of the air-cavity, silica-cavity and the hybrid cavity are calculated as
and f 3 = f 1 + f 2 respectively, where λ 1 and λ 2 are the adjacent peak (or dip) wavelengths of the reflection spectrum of each cavity. Thus we identify that the peak1, peak 2, and peak 3 are resulted from the air-cavity, silica-cavity, and the hybrid cavity, respectively. According to Eq. (1), the coefficients of the cosine terms in Eq. (1) correspond to the amplitudes of the three peaks in Fig. 2(b) . In theory, the intensities of the reflected beams should be I 1 > I 2 > I 3 . Therefore, the amplitudes of the peaks in Fig. 2(b) should be peak 1 > peak 3 > peak 2. The spatial frequencies of the air-cavity (f 1 ) and silica-cavity (f 2 ) are related with the optical paths of the air-cavity and silica-cavity. Increasing the optical path difference between the air-cavity and silica-cavity can increase the interval between f 1 and f 2 , which can reduce the crosstalk of the two cascaded cavities in the filtering process.
A band-pass filtering method was used to retrieve the individual interference spectrum of each cavity from the total reflection spectrum. The interference spectrum of the air-cavity can be obtained by filtering the total reflection spectrum using a lower band-pass filter centered on peak 1, and the bandwidth of the filter is set to ±2 × 10 −4 nm −1 . The retrieved spectrum of the air-cavity is shown in Fig. 2(c) . Similarly, the reflection spectrum of the silica-cavity can be obtained with a higher bandpass filter centered on peak 2 with a filter bandwidth of ±2 × 10 −4 nm −1 , as shown in Fig. 2(d) . The purpose of setting such a narrow filter bandwidth is to obtain the spectrum of the required cavity (the air-cavity and the silica cavity), reduce the influence of other frequencies on the filtered spectrum, and reduce the crosstalk problem from other frequencies. The free spectrum ranges (FSRs) of the filtered spectra of the air-cavity and the silica-cavity are respectively 6.8 nm and 4.9 nm, which are consistent with the theoretical values calculated by FSR = λ 1 λ 2 /2nL.
When the air pressure (P) or temperature (T) of the surrounding environment changes, the reflection spectrum of the FPI will shift accordingly. The wavelength shifts of the air-cavity and silica-cavity can be expressed as
where P and T are respectively the air pressure and temperature variations; k 11 and k 21 are the air pressure sensitivities of the air-cavity and silica-cavity, respectively; k 12 and k 22 are respectively the temperature coefficients of the air-cavity and silica-cavity. Because the air-cavity and silicacavity exhibit different sensitivities to air pressure and temperature, simultaneous measurement of air pressure and temperature can be achieved by tracing the wavelength shift of each cavity and solving the following matrix equation
Through Eq. (4), the air pressure and temperature changes can be measured by monitoring the wavelength shifts of the air-cavity and silica-cavity extracted from the total reflection.
The air pressure and temperature sensitivities of the air-cavity and silica-cavity are also investigated. The general sensitivity formula for the measured physical quantity X of an FPI sensor is expressed as [27] 
where n is the RI of the Fabry-Perot cavity, L is the cavity length. Because of the open-cavity structure of the proposed sensor, the cavity length changes of both air-cavity and silica-cavity can be neglected as the air pressure changes. The air pressure sensitivity can be written as
The air pressure induced RI change is sensed by both the air-cavity and silica-cavity. The RI of air is air pressure and temperature dependent, and can be expressed as [28] n ai r = 1 + 2.8793 × 10 −9 × P
where P is the air pressure, T is the environment temperature. By substituting Eq. (7) into Eq. (6), the air pressure sensitivity of the air-cavity can be written as
From Eq. (8), the air pressure sensitivity of the air-cavity is independent on the cavity length. At room temperature 25°C, the air pressure sensitivity of air-cavity is calculated to be 4.08 nm/MPa around 1550 nm. For the solid core PCF used in the experiment, the air hole diameter and air hole spacing are fixed. According to Eq. (7), the RI change of the air holes induced by air pressure is small, thus the effective refractive index of the silica-cavity changes little [29] . Therefore, the silica-cavity is less sensitive to air pressure than to air-cavity.
As for the temperature sensitivity, the RI of air is almost unchanged under changed temperatures in a range of a few hundred degrees Celsius, so the temperature sensitivity of air-cavity can be written as
where α is the thermal expansion coefficient of silica, 5.5 × 10 −7 /°C [30] . The calculated temperature sensitivity of the air-cavity is 0.85 pm/°C at 1550 nm. While the temperature sensitivity of silica-cavity is
where κ is the thermo-optic coefficient of silica, 1.28 × 10 −5 /°C [31] . The calculated temperature of silica-cavity is 14.6 pm/°C at 1550 nm. As we can see, the temperature sensitivity of silica-cavity is more than ten times that of air-cavity, which are all cavity-length independent. Since the air-cavity and silica-cavity show different sensitivities to air pressure and temperature, the proposed sensor can achieve simultaneous measurement of air pressure and temperature with elimination of the pressure-temperature cross-sensitivity.
Experimental Results and Discussion
The air pressure and temperature responses of the proposed sensor were investigated experimentally. Three sensors with different air-cavity and silica-cavity lengths are fabricated. Their physical parameters are given in Table 2 . In order to ensure the miniaturization of the proposed sensor, the three fabricated sensors are all within 400 μm. The spectrum of Sensor 2 in air at room temperature is shown in Fig. 2(a) . The fast Fourier transform is performed on the reflection spectrum, and the spatial frequency spectrum is shown in Fig. 2(b) . The filtered spectra of the air-cavity and silicacavity are shown in Fig. 2(c) and Fig. 2(d) , respectively. The air pressure and temperature test of the three fabricated sensors with different structural parameters are experimentally performed.
To investigate the air pressure response of the proposed sensor, the experimental setup is designed as shown in Fig. 3 . A broadband light source (BBS, FiberLake ASE) with an output wavelength ranging from 1250 to 1630 nm is connected to port 1 of the optical circulator (OC). Meanwhile, the fabricated sensor head and the OSA (YOKOGAWA AQ6370C) with a resolution of 0.02 nm are connected to port 2 and port 3 of the OC, respectively. The sensor head is sealed in the chamber, which is connected to the gas pressure pump (ConST-211, 162) via a gas pipe. The air pressure was increased from 0 kPa to 300 kPa with a step of 50 kPa. The total reflection spectra of the proposed sensor under different air pressures were recorded by the OSA.
The reflection spectra of the air-cavity and silica-cavity are obtained by filtering the total reflection spectrum with predesigned band-pass filters. The interference spectra of the air-cavity and silicacavity of Sensor 2 under different air pressures are shown in Fig. 4(a) and 4(b) . The wavelength is drifting in the direction of longer wavelength for both air-cavity and silica-cavity as the air pressure increases. Using the same method, the air pressure tests of the other two sensors were also performed. The dip wavelength around 1550 nm was traced to calculate the sensitivity. The relative wavelength shifts with the air pressure variations of the air cavities and silica cavities are shown in Fig. 4(c) and Fig. 4(d) , respectively. The linear fitting results show that the air pressure sensitivities of the air-cavity of Sensor 1, Sensor 2, and Sensor 3 are calculated to be 4.14, 4.04, and 4.11 pm/kPa, respectively. The corresponding air pressure sensitivities of the silica cavities are 3.2, 3.36, and 3.39 pm/kPa, respectively. The experimental results are in accordance with the theoretical values. In the range of 300 kPa, the air pressure resolutions of air cavities are ±4.83 kPa, ±4.95 kPa, and ±4.87 kPa, respectively, and ±6.25 kPa, ±5.96 kPa, and ±5.90 kPa for the silica cavities, respectively. The air pressure measurement range of the air-cavity is about 1.68 MPa in one FSR, and that of the silica-cavity is about 1.46 MPa. The measurement range can be increased by reducing the cavity length to achieve longer FSR. The air holes running along the cladding of the PCF enable the air to enter or leave the air-cavity easily. Therefore, no hysteresis was observed in the process of increasing the air pressure and decreasing the air pressure.
The experimental setup for the temperature measurement is shown in Fig. 5 . The sensor head was placed in an oven (SIOM SG-XL1200) to provide temperature change with a precision of 5°C. Before the temperature test, the sensor was annealed for half an hour at 200°C to eliminate the residual stress during the fabrication process. The reflection spectra of Sensor 2 were recorded by the OSA as the temperature increased from 50°C to 500°C in steps of 50°C. When measuring temperature, we keep the temperature constant for 10 minutes before recording the spectrum to ensure the accuracy of the measurement results. Fig. 6(a) and (b) show the extracted spectra of the air-cavity and silica-cavity of Sensor 2 under different temperatures. The spectrum was found to be red shifted with the increase of temperature for both the air-cavity and silica-cavity. The temperature responses of the air cavities and silica cavities of the three sensors are shown in Fig. 6 (c) and 6(d), respectively. From Fig. 6(c) , the temperature sensitivities of the air cavities of the three fabricated sensors are 0.86, 0.87, and 0.87 pm/°C, respectively. The corresponding temperature sensitivities of the silica cavities are 14.55, 14.36, and 14.58 pm/°C, which approximate 16 times those of the air cavities. The temperature sensitivities are consistent with the theoretical values for both the air cavities and silica cavities. Over the range of 450°C, the temperature resolutions of Senor 1, Sensor 2, and Senor 3 are respectively ±23.3°C, ±23.0°C, ±23.0°C for the air-cavity, and ±1.37°C, ±1.39°C, ±1.37°C for the silica-cavity respectively. The temperature measurement range of the silica-cavity is about 340°C in one FSR, and that of the air-cavity is larger due to the low sensitivity.
For a more intuitive comparison of the sensitivities of the two cascaded cavities to air pressure and temperature, take Sensor 2 as an example, we merge Fig. 4(c) and Fig. 4(d) , and merge Fig. 6(c) and Fig. 6(d) . Fig. 7(a) shows the responses of the air-cavity and silica-cavity to air pressure. It can be seen that the air-cavity is more sensitive to air pressure than silica-cavity. Fig. 7(b) shows the temperature sensitivities of the air-cavity and silica-cavity. The temperature sensitivity of silicacavity is more than 15 times that of the air-cavity. The air-cavity and silica-cavity show different responses to air pressure and temperature, therefore, simultaneous measurement of air pressure and temperature can be achieved.
Based on the experimental results shown in Fig. 4 and Fig. 6 , the air pressure variation P and temperature variation T can be simultaneously determined by solving the matrix equation Eq. (4). Taking Sensor 2 as an example, the air pressure sensitivity k 11 and temperature sensitivity k 12 of the air-cavity are 4.04 pm/kPa and 0.87 pm/°C respectively. The air pressure coefficient k 21 and temperature coefficient k 22 of the silica-cavity are respectively 3.36 pm/kPa and 14.36 pm/°C. For Senor 2, by tracing the wavelength shifts of the air-cavity and silica-cavity, the air pressure and temperature variations can be calculated using the following equation 
Conclusions
In conclusion, we propose and demonstrate an open-cavity cascaded FPI sensor for simultaneous measurement of air pressure and temperature without cross-sensitivity. The proposed sensor was fabricated by splicing a section of silica tube between the lead-in SMF and a short PCF. The fabrication process of the cascaded FPI sensor is simple and includes only a few steps of fusion splicing and cleaving. The sensitivities of the air pressure and temperature for air-cavity are 4.04 pm/kPa and 0.87 pm/°C, respectively. The air pressure and temperature sensitivity of silica-cavity are respectively 3.36 pm/kPa and 14.36 pm/°C. All these advantages make it competitive in many practical fields.
